Background/Aims: MOD-4023 is a long-acting human growth hormone (hGH) in clinical trials for the treatment of growth hormone deficiency (GHD). A key goal is maintenance of serum concentrations of insulin-like growth factor (IGF) 1 within normal range throughout GH dosing. The study aimed to develop a pharmacokinetic model for MOD-4023 and a pharmacodynamic model for the effect of MOD-4023 on IGF-1 to allow estimation of peak and mean IGF-1 and to identify the optimal IGF-1 sampling day. Methods: MOD-4023 (0.25, 0.48, or 0.66 mg/kg) was administered weekly for 12 months to 41 GH-naive GHD children (age 3-11 years). The control group (n = 11, age 4-9 years) received daily recombinant human growth hormone (r-hGH; 34 µg/kg). Sparse samples (4/subject) were obtained to determine serum concentrations of MOD-4023 or r-hGH and IGF-1. Results: A 2-compartment pharmacokinetic model with first-order absorption fit MOD-4023 data well; a 1-compartment model was appropriate for r-hGH. For both, weightnormalized systemic parameters were preferred over allometric scaling. For MOD-4023, an indirect model fit IGF-1 SDS data well; baseline IGF-1 increased over time. At steady state, samples obtained 4 days following dose administration predicted mean IGF-1 SDS during the dosing interval well. Conclusion: The IGF-1 profile is consistent with the weekly dosing interval. Sampling 4 days following dose administration allows estimation of mean IGF-1 SDS during the dosing interval in GHD patients.
Introduction
Although recombinant human growth hormone (rhGH) is both safe and effective for the treatment of growth hormone deficiency (GHD) in children [1] , the requirement for daily administration may compromise adherence to therapy [2] . Therefore, the development of a growth hormone (GH) that requires less frequent administration, for example weekly, has become a priority for drug development. MOD-4023 is a long-acting human GH (hGH) based on C-terminal peptide technology [3] . This technology arose from the observation that human chorionic gonadotropin differs from luteinizing hormone by the addition of 28 amino acids to the carboxy terminus; this small difference in molecular structure markedly increases the human chorionic gonadotropin residence time in blood compared to luteinizing hormone. Taking advantage of this observation, these same 28 amino acids were fused onto the hGH sequence to develop MOD-4023.
MOD-4023 has been evaluated in 2 clinical trials in adults and in 1 clinical trial in children. In CP-4-001, 24 healthy men aged 19-45 years received either placebo or 4, 7, or 21 mg MOD-4023 and blood was sampled to determine MOD-4023 and insulin-like growth factor 1 (IGF-1) concentrations up to 14 days after dose administration. In CP-4-003, 44 GHD adults aged 23-60 years underwent titration of their daily r-hGH treatment to ensure that serum IGF-1 SDS was within the range -1.5/+1.5, following which MOD-4023 (18.5-123.4% of the weekly cumulative r-hGH dose) was administered weekly. MOD-4023 was then sampled through 24 h and IGF-1 through 36 h. Study CP-4-004 was conducted in children (details provided later).
Data from the 2 adult studies (phase 1: unpublished results; phase 2 [4] ) were used to develop a pharmacokinetic model for MOD-4023 and a pharmacodynamic model for IGF-1, a biomarker for the effects of GH. These models were then applied to children. During clinical use of MOD-4023, IGF-1 SDS values will be applied to assess safety of weekly therapy and to determine any potential need for dose adjustment, with the goal of maintaining serum concentrations of IGF-1 within the broad normal range for age and sex. During the 1-week dosing interval, IGF-1 (and the resulting IGF-1 SDS) values fluctuate. Therefore, it is necessary to understand whether IGF-1 concentrations obtained at different time points in the weekly dosing interval can be employed to predict peak and mean IGF-1 over the dosing interval. Simulations using the optimal pharmacokinetic and pharmacodynamic models were used to address this issue.
Patients and Methods

Patients
Prepubertal children aged 3-11 years with a confirmed diagnosis of GHD were considered for inclusion in the trial. Other inclusion and exclusion criteria are reported by Zelinska et al. [5] . Children (Tables 1, 2) were randomized to 1 of 3 weekly doses of MOD-4023 (0.25, 0.48, or 0.66 mg/kg weekly; n = 41; 27 boys, 14 girls) or daily r-hGH (Genotropin, 0.034 mg/kg/day; n = 11; 8 boys, 3 girls). MOD-4023 doses were selected using the following criteria:
• cohort 1: the weekly molar equivalent to a standard daily dose of r-hGH (0.025 mg/kg/day or 0.18 mg/kg/week) • cohort 2: the weekly molar equivalent of the maximal recommended dose for GHD treatment (0.05 mg/kg/day, based on the Growth Hormone Society Consensus Guideline [6] ) • cohort 3: the weekly molar equivalent of the maximal approved dose for other pediatric indications (0.068 mg/kg/day) Subjects in cohorts 2 and 3 underwent dose escalation over 2 or 4 weeks, respectively (Fig. 1) . Treatment continued for 12 months with periodic dose adjustments, as needed, based on the patients' weight. To minimize the number of samples per subject, a sparse sampling regimen was used. For children dosed with MOD-4023, 4 samples (MOD-4023 and IGF-1) were obtained during the second steady-state dose (Fig. 2) ; additional samples were obtained intermittently through the remainder of treatment. For children dosed with r-hGH, 4 samples (r-hGH) were obtained over 24 h on day 14 of treatment. Informed consent was obtained in writing for all patients prior to study initiation. Ethics committees at all study sites reviewed and approved the study protocol.
MOD-4023, r-hGH, and IGF-1 Assays
MOD-4023 serum concentration was determined using an ELISA method; the lower limit of quantification was 0.15 ng/mL. r-hGH and IGF-1 serum concentration was determined using IDS-iSYS assays; the lower limit of quantification was 1.5 ng/mL for r-hGH and 10 ng/mL for IGF-1 (one sample was reported with an IGF-1 value of 5 ng/mL).
Pharmacokinetic and Pharmacodynamic Models
A 2-compartment linear time-invariant model was fit to the MOD-4023 concentrations; a 1-compartment model was appropriate for r-hGH. Absorption was assumed to be a first-order process with an absorption lag; bioavailability was permitted to vary between subjects. Systemic parameters of the model were clearance, distribution clearance, and distribution volumes, each normalized by bioavailability (parameters scaled by bioavailability are identified by the prefix "apparent"); parameters of the absorption model were absorption rate and absorption lag. Three approaches were used to evaluate whether body size affected the pharmacokinetic characteristics of MOD-4023 and r-hGH: no normalization for body size, scaling the systemic parameters by weight, and an allometric approach in which apparent clearances were scaled by weight raised to the 0.75 power and apparent distribution volumes were scaled by weight.
An indirect model ( Fig. 3) proposed by Sun et al. [7] was fit to the IGF-1 data. IGF-1 values, rather than IGF-1 SDS values, were used in the analysis because IGF-1 SDS is a nonlinear transform of IGF-1. With this model, serum IGF-1 concentrations are a function of input and output (k out ) rate constants. At steady state, input equals output. Output is the product of k out (the first-order rate constant for elimination of IGF-1) and IGF 0 (the baseline value for IGF-1). Baseline input, therefore, equals k out × IGF 0 . Endogenous or exogenous GH increases input as a function of the GH concentration. Input, thus, is modeled as a sigmoid E max equation: where C p is the serum concentration of MOD-4023, EC 50 is the serum concentration of MOD-4023 producing half of the maximal increase in IGF-1 production, E max is the maximal effect, and γ determines sigmoidicity (steepness) of the relationship. For both the pharmacokinetic and pharmacodynamic analyses, covariates (age, gender, hepatic and renal function, glomerular filtration rate estimated using the Schwartz equation [8] ) were entered into the models if justified statistically (based on graphics and a reduction in the minimum value of the objective function). Analyses were performed employing mixed-effects (population) methods, using NONMEM software (Icon Development Solutions, Hanover, MD) and PLT Tools (PLTsoft, San Francisco, CA, USA).
Calculation of IGF-1 SDS
For certain analyses described below, IGF-1 values were transformed into SDS units (IGF-1 SDS) using tables provided by Bidlingmaier et al. [9] . Calculations were performed using the R language (r-project.org).
Simulations
To determine if MOD-4023 concentrations accumulated with weekly dosing, a simulation used the typical values for the population parameters. Graphics were prepared to examine for accumulation. To determine the relative time course of MOD-4023 and r-hGH, a simulation used the typical values for the population parameters for each entity. Graphics were prepared to compare the steady-state concentrations of each entity with MOD-4023 administered weekly and r-hGH administered daily.
Determining When to Sample to Estimate Mean and Peak IGF-1 SDS
Each subject's individual (post hoc) pharmacokinetic and pharmacodynamic parameters and their nominal dosing regimen were used to simulate the IGF-1 concentration profile at hourly intervals at steady state; IGF-1 SDS values were then calculated. For each subject, peak IGF-1 SDS was determined by examination of the profiles. Mean IGF-1 SDS was determined by averaging hourly values over the dosing interval. Graphics were prepared displaying individual peak and mean values against the values at each 24-h interval following administration of MOD-4023. The relationship between each of peak and mean values versus the value at each 24-h interval was determined by linear regression. 
Results
Pharmacokinetics of MOD-4023
A 2-compartment pharmacokinetic model fit the MOD-4023 concentration profile data well: the relationship between observed and predicted concentrations was unbiased and variability was moderate ( Fig. 4 ; online suppl. Fig. 1 ; see www.karger.com/doi/10.1159/000470842 for all online suppl. material). The weight-normalized model (Fig. 5) was preferred (as assessed by the objective function and graphics displaying individual parameters vs. weight) over the allometric-scaled model and the nonnormalized model. There was no relationship between any of the covariates and any of the pharmacokinetic parameters. Parameters for the optimal model are displayed in Table 3 .
Pharmacodynamics of MOD-4023
The indirect response model generally fit IGF-1 data well: the relationship between observed and predicted concentrations was unbiased and variability was moderate (online suppl. Fig. 2 ). The only covariate that was incorporated into the model was an increase in baseline IGF-1 as a function of age (Table 4) : baseline IGF-1 increased by 21.8% per year, referenced to the value of age 6 years (which is the median age for these subjects).
Pharmacokinetics of r-hGH
A 1-compartment pharmacokinetic model fit the rhGH concentration profiles without bias (not shown); variability was moderate to large. The weight-normalized model was preferred over the allometric-scaled model and the non-normalized model. There was no relationship between any of the covariates and any of the pharmacokinetic parameters. Parameters for the optimal model are displayed in Table 5 .
Accumulation
With weekly dosing, there was no accumulation of MOD-4023: steady-state conditions were attained by the second dose (Fig. 6 ). b KG is weight in kg; 77 is applied to permit comparison of the parameter estimates to values from studies in adults.
c The same term for interindividual variability was applied to apparent clearance and apparent distributional clearance. d The same term for interindividual variability was applied to the 2 apparent distribution volumes. e Interindividual variability was not permitted for this term in the optimal model. 
Comparison between the Pharmacokinetic Profiles of MOD-4023 and r-hGH
Following each dose of r-hGH, concentrations decreased to one-half of the peak value at 8.1 h, whereas MOD-4023 concentrations decreased to one-half of the peak at 27.4 h (Fig. 7) .
Determining When to Sample to Estimate Mean and Peak IGF-1 SDS
Peak IGF-1 SDS Samples obtained on day 2 (48 h following dose administration) predicted peak IGF-1 SDS well (Fig. 8): correlation was high (r > 0.99) and deviation from the line of unity was minimal. Values obtained on all other days (day 4 displayed) underestimated peak IGF-1 SDS. Mean IGF-1 SDS Samples obtained on day 4 (96 h following dose administration) predicted mean IGF-1 SDS well: correlation was high (r > 0.99) and deviation from the line of unity was minimal. Values obtained on days 2 and 3 overestimated mean IGF-1 SDS, whereas those obtained on days 6 and 7 underestimated mean IGF-1 SDS.
For both peak and mean IGF-1 SDS, there was a strong linear relationship with the value on any day; r, intercept, slope, and residual standard error for those relationships are displayed in Table 6 . The relationship between each of peak and mean IGF-1 SDS values to values on any sampling day did not differ between cohorts.
Discussion
We obtained extensive data in adults, which were then used to develop pharmacokinetic and pharmacodynamic models for MOD-4023 and IGF-1. These models (not shown) generally fit the data well and enabled us to conduct studies in children in which we used a sparse sampling regimen. As in adults, a linear pharmacokinetic model with first-order absorption fit the MOD-4023 concentration data well. Systemic pharmacokinetic parameters varied with weight, showing a slightly better fit with weight normalization compared to allometric scaling. This suggests that a weight-normalized dosing regimen, as was used in the present study, should yield comparable systemic exposures (area under the MOD-4023 vs. time curve) over a range of weights. None of the other covariates examined, including hepatic and renal function, influenced systemic exposure to MOD-4023. The lack of impact of hepatic and renal function should be considered with caution because children in this study had normal hepatic and renal function.
The indirect response model generally fit the IGF-1 data well. In clinical practice, IGF-1 values are typically converted to SDS units for clinical decision-making. Titrating GH dosage based on serum IGF-1 concentrations is the standard procedure in treatment of adult GHD. In children, IGF-1 concentrations can be employed to assure that the GH dose is adequate while maintaining serum levels within the broad normal range throughout the dosing interval [1] . If IGF-1 SDS values are extremely low, the GH dose may be increased, especially if the child's growth response is inadequate. Conversely, a very high value of IGF-1 SDS might justify decreasing the GH dose.
In the optimal pharmacodynamic model, baseline IGF-1 SDS increased over time, a finding that has been reported previously [10] . This age-related change limits the utility of raw IGF-1 values as a clinical marker of efficacy; instead, values are typically converted to standardized (SDS) units [9] .
A novel aspect of the present analysis was our estimation of the peak and mean IGF-1 SDS during the dosing interval based on values simulated at daily intervals. Mean IGF-1 SDS reflects the overall systemic exposure to IGF-1 SDS, presumably a biomarker for the effects of exogenous GH. In contrast, peak IGF-1 SDS is considered to be a biomarker for safety: persistent values >2 SDS units might trigger dose reduction. Thus, information about IGF-1 SDS is considered to be important in the clinical practice of treating GH deficiency. The development of long-acting products adds complexity to this clinical practice: during a weekly dosing interval, IGF-1 (and the corre- sponding IGF-1 SDS values) will increase and then decrease. In addition, children will be available for clinic visits and blood sampling at different time points in the dosing interval. Thus, it is important to understand the relationship between values measured at different time points during the dosing interval and each of the mean and peak values. The strong linear relationships documented in Table 6 demonstrate that samples obtained at varying times following dose administration can be used to estimate mean and peak IGF-1 SDS, thereby guiding clinical practice. Based on the current analysis, our pharmacokinetic and pharmacodynamic models can assist in safety monitoring and guide dose modifications. These models may be used to support dose selection and dose modification in future clinical studies, as they provide a convenient methodology to determine both peak and mean IGF-1 concentrations.
